Lepton flavor violating processes are obtained from the mixings between the ordinary leptons and the exotic leptons in the E 6 27 representation. The effects of these lepton mixings are, however, suppressed naturally because of the hierarchy of the charged lepton masses. In the supersymmetric model, significant effects of lepton flavor violation rather appear through the slepton mixings which are generated by radiative corrections. Especially, we are interested in the µ → eγ decay mediated by these slepton mixings and calculate the branching ratio with reasonable parameters. It can be large enough to be observed in the near future experiments.
The E 6 supersymmetric grand unified theory (SUSY GUT) and the E 8 × E ′ 8 superstring theory are good candidates for the unified theories of elementary particle physics. While such theories manifest themselves at the high energy scale (∼ 10 16 GeV), it is natural to expect that they have some effects on physics at the electroweak scale (∼ 10 2 GeV) [1] . It is, however, difficult to determine precisely what effective theory actually appears at the electroweak scale. This may be understood by considering the facts that the E 6 SUSY GUT has many possible symmetry breaking patterns and that the superstring theory has many possible compactification patterns. Hence, in the present experimental circumstances, it will not be so useful to perform detailed investigations on specific models. Here, we are rather interested in the general aspects of the low-energy effects of the unified theories. We particularly study the effects on the lepton physics at the electroweak scale such as µ → eγ.
The E 6 SUSY GUT and the E 8 × E ′ 8 superstring theory predict the exotic particles which are embedded in the E 6 27 representation [1, 2] . The chiral superfields in the 27 representation contains the one generation of the ordinary quarks and leptons in the standard model, the vector like SU(2) L singlet quarks, the vector like SU(2) L doublet leptons, the right-handed neutrino, and the gauge singlet Higgs field. The right-handed neutrinos may be superheavy, as is usually realized, providing the light masses to the left-handed neutrinos through the seesaw mechanism. Hence we do not consider further the effects of the heavy right-handed neutrinos in the electroweak physics. In this paper, we concentrate on the effects of the vector like SU(2) L doublet leptons (L, L c ) and their scalar superpartners. While these exotic leptons have not yet been observed directly, it is possible that they indirectly contribute to the electroweak physics through the mixings with the ordinary leptons.
The new particles concerned here are listed as follows together with their quantum numbers of the SU(2)
The superpotential relevant for the leptonic superfields is given by
where l i (≡ (ν i , e i )) and e c i represent the ordinary leptons with the subscripts i = 1, 2, 3 for the generations. The Higgs fields include a pair of the SU(2) L doublets H 1 and H 2 and the singlet S. The R-parity invariance is assumed for the lepton number conservation. The Z 3 symmetry is also assumed to exclude the mass term of S which is independent of the electroweak scale. (The cosmological domain wall problem associated with the spontaneous breaking of Z 3 may be evaded by introducing small explicit breaking in the higher-order terms.) We here consider one generation of L and L c for simplicity. The coupling matrices in eq.(2) have been simplified without loss of generality by redefinition of the fields. The possible terms (λ 1 ) 4i LH 1 e c i can be eliminated by an appropriate unitary transformation among the left-handed SU(2) L doublets l i and L. The components of λ 1 − λ 4 can all be made real and non-negative with diagonal λ 1 . In this superpotential, we note that the second term (λ 2 ) i4 l i L c S provides the couplings between the ordinary lepton doublets l i and the exotic lepton doublet L c . Hence this term represents the source of lepton flavor violation. The mass terms of the leptons are produced by the vacuum expectation values (VEV's) of the Higgs fields,
These VEV's may acquire nonvanishing phases introducing a new source of CP violation. We, however, do not consider this possibility for simplicity, and take the real VEV's. Then, the charged lepton mass matrix is given by
This 4 × 4 real matrix is diagonalized by two orthogonal matrices U e and V e as
The neutrino mass matrix is also produced as
This 4 × 1 real matrix is diagonalized with an orthogonal matrix O ν as
It is observed here that this mass matrix of the neutrinos provides one nonzero Dirac type mass M N . This massive mode mainly consists of N and N c in the vector like lepton doublet in eq.(1). The remaining zero modes are the three generations of ordinary neutrinos, which may acquire small Majorana masses through the seesaw mechanism, as mentioned before. The masses of the exotic leptons are given by
We now consider some relevant properties of the transformation matrices U e , V e , and O ν . First, the orthogonal transformation V e , which represents the right-handed charged lepton mixing, diagonalizes the matrix M T e M e . By considering the structure of M T e M e with eq. (4), we can estimate the off-diagonal component of V e in the leading-order as
where m ei ≃ (λ 1 ) ii v 1 is the charged lepton mass of the i-th generation. Since the experimental bound on the mass of the exotic charged lepton is M E > 80.2 GeV [3] , these off-diagonal components of V e are suppressed sufficiently by the mass ratios m ei /M E even if the couplings (λ 2 ) i4 between the ordinary and exotic leptons take significant values. As for the left-handed lepton mixings, we find the similarity between U e for the charged leptons and O ν for the neutrinos:
This can be seen by noting the fact that the matrices M e M T e and M ν M T ν coincide with each other except for the small terms λ The lepton flavor violating couplings are suppressed naturally by the smallness of (V e ) i4 and the similarity between U e and O ν , as seen so far. The charged gauge interaction coupled to W boson is actually given by
where E a = (e i , E) and N a = (ν i , N ) (a = 1 − 4) represent the four-component Dirac spinors of the lepton mass eigenstates, and P L and P R are the chiral projections to the left-handed and right-handed parts, respectively. This charged gauge interaction is relevant for the µ → eγ decay, which is the main subject of the present analysis. The lepton flavor violating terms of a = b are induced in the left-handed couplings of eq.(11), since U e = O ν due to the mixings between the ordinary and exotic leptons. These flavor violating terms are, however, suppressed naturally by the similarity (10) between U e and O ν . The right-handed lepton flavor violating terms also appear in eq.(11) for a = 1, 2, 3. The smallness of (V e ) 4i , as shown in eq. (9), implies that the effects of these terms are even suppressed sufficiently.
The neutral gauge interaction of the charged leptons coupled to Z boson also contributes to the µ → eγ decay. It is given by
where L 0 Z represents the usual flavor diagonal part which is obtained by turning off the ordinaryexotic lepton mixings. The lepton flavor violating terms appear only in the right-handed couplings of eq.(12). This is because the left-handed leptons all form the SU(2) L doublets. Since the flavor changing neutral currents (FCNC's) of ordinary leptons in eq.(12) are proportional to (V e ) 4i (V e ) 4j , their effects are suppressed as well by the small mass ratios (m ei /M E )(m ej /M E ).
We here consider the contributions to the µ → eγ decay which are provided by these gauge interactions of the leptons with flavor violation. We can see below that these contributions are negligibly small. The decay amplitude of µ → eγ is generally given by
Then, the decay rate is calculated by
The 24 . We have shown in the above arguments that these factors are naturally suppressed by the lepton mass ratios (m e /M E )(m µ /M E ) ∼ 10 −8 . Therefore, the flavor violating interactions induced by the ordinary-exotic lepton mixings provide tiny contributions ∼ 10 −21 to the branching ratio Br(µ → eγ). This feature is actually confirmed by numerical calculations.
In the supersymmetric model, significant effects of flavor violation appear through the slepton mixings. It may be expected that the supersymmetry breaking is provided in the minimal supergravity model with the soft terms at the unification scale M Pl , including the common slepton masses (m 2 E ) ab = m 2 0 δ ab , etc., the A-terms A k = a 0 m 0 λ k , and the gaugino masses m 1 and m 2 . We have seen that in the present model the original source of lepton flavor violation is the Yukawa couplings (λ 2 ) i4 between the ordinary and exotic leptons. At the tree-level with the universal soft supersymmetry breaking terms, however, the flavor violating effects of these couplings are still suppressed by the lepton mass ratios m ei /M E , since the lepton and slepton mass matrices are diagonalized simultaneously in this limit. Significant effects of flavor violation are rather provided from the radiative corrections on the soft terms which are generated with the couplings (λ 2 ) i4 .
The soft masses and A-terms at the electroweak scale M W deviate from the universal forms through the renormalization group evolution. In the leading order approximation the corrections to the slepton mass terms are given by (∆m
Similar corrections are also obtained for the A-terms with the couplings (λ 2 ) i4 . Because of these radiative corrections, the slepton mass matrices and the corresponding lepton mass matrices are no longer diagonalized simultaneously, providing the new source of lepton flavor violation in the slepton mixings. Then, we investigate the µ → eγ process mediated by the slepton mixings. The lepton-slepton interactions with the neutralinos χ 0 α (α = 1 − 5) and the charginos χ ± κ (κ = 1, 2), which are relevant for µ → eγ, are given, respectively, by
and
whereẼ A (A = 1 − 8) andÑ K (K = 1 − 5) are the slepton mass eigenstates. The coupling coefficients are given in terms of the transformation matrices to diagonalize the mass matrices of leptons, sleptons, charginos, and neutralinos. By calculating the one-loop diagrams for the µ → eγ process mediated by the neutralinos and charginos, as shown in fig.1 , we obtain the contributions to the decay amplitudes [4] ,
where
Here, we can estimate these amplidudes as follows. The relevant coupling coefficients are mainly given as
for the right-handed couplings and
for the left-handed couplings, where OẼ and OÑ are the slepton mixing matrices. Here, it is important to note that (U
2 ) because of the slepton mixings induced by the radiative corrections such as given in eq.(15). These factors are not suppressed by the small mass ratios m ei /M E in contrast to the combination U 
By considering these relations, the supersymmetric contributions to the µ → eγ decay amplitude is estimated as
Hence, we expect that Br(µ → eγ) ∼ (α/32π)λ 8 2 ∼ 10 −12 − 10 −11 for λ 2 = 0.1. We have made numerical calculations to evaluate the branching ratio of µ → eγ by taking reasonable values of the model parameters. The most important parameter is (λ 2 ) i4 which represents the degree of the ordinary-exotic lepton mixings for flavor violation. The values of (λ 1 ) ii are determined so as to reproduce the actual lepton masses m e , m µ , m τ . In fig.2 , Br(µ → eγ) is shown depending on the couplings (λ 2 ) i4 , where the horizontal axis represents the heavy lepton mass M E ≃ M N . It is interesting to observe in fig.2 that Br(µ → eγ) becomes comparable to the experimental bound 4.9 × 10 −11 for λ 2 ∼ 0.1. Therefore, in the present model the µ → eγ decay can be observed in the near future experiments. The relation between Br(µ → eγ) and the gravitino mass (m 0 ) is shown in fig.3 . It is here remarked that cancellation between the neutralino and chargino contributions occurs in the regions where Br(µ → eγ) takes small values. The relation between Br(µ → eγ) and tan β is shown in fig.4 . These results indicate strong dependence of Br(µ → eγ) on the parameters m 0 and tan β. In particular, even if λ 2 is rather small as 0.01, Br(µ → eγ) can be significant for large enough m 0 and tan β.
The branching ratio of µ → eγ has been estimated in the literature for other supersymmetric models such as the MSSM with right-handed neutlinos [4] and SUSY GUT [5] . The predictions of Br(µ → eγ) in these models are also within reach of the future experiments as in the present model. These are, however, the effects of high energy physics. In contrast to these models, the exotic leptons with the flavor violating couplings λ 2 to the ordinary leptons indeed appear at the electroweak scale in the supersymmetric E 6 type model. Therefore, the direct experimental test of the present model is possible by the search for the heavy leptons [6] . This is a salient difference between this model and other supersymmetric models. It should also be remarked that the treelevel FCNC's given in eq.(12) provide a significant contribution to the µ → 3e decay with branching ratio ∼ 10 −16 . This can be another test of the present model in the near future experiments.
In summary, we have investigated the lepton flavor violating processes, especially the µ → eγ decay, which are obtained from the mixings between the ordinary leptons and the exotic leptons. Although the lepton FCNC's appear at the tree level, their effects are small naturally because of the hierarchy of the lepton masses. Hence, the fine tuning of parameters is not necessary to suppress the FCNC's. It is interesting to see that Br(µ → 3e) ∼ 10 −16 is obtained from the tree-level FCNC's. In the supersymmetric model, significant effects of lepton flavor violation are obtained from the slepton mixings which are generated by radiative corrections. We have shown that the slepton mixing contribution to the µ → eγ decay is large enough to be observed in the near future experiments. The discovery of µ → eγ clearly indicates the new physics. In the supersymmetric E 6 type model, it is due to the existence of the exotic leptons and their scalar partners at the electroweak scale, and these new particles can be tested directly. 
